Hierarchical 3-dimensional flexible carbon fiber (FCF) array is a candidate as flexible electrode for enzyme electrochemistry, with interesting properties for application in enzymatic biofuel cell and implantable biosensors. Here, we show the fabrication of oxidized FCF electrode (FCFO) based on chemical surface treatment, a wet oxidation method by using permanganate ions. Compared with pristine FCF, FCFO is rougher; the scratches become wider and deeper, with some defects in the basal planes and some cracked structures. X-ray photoelectron spectroscopy data suggests a correlation between the carbon structures and the appearance of chemical groups containing oxygen atoms. Finally, we show how the bioelectrocatalysis of ethanol by using FCFO arrays modified with NAD-dependent alcohol dehydrogenase (ADH) is positively influenced by the fibers treatment oxidation process.
Introduction
Carbon and its inorganic compounds are widely exploited in electrochemistry field as solid electrodes in the form of diamond, graphite, fullerene, carbon nanotubes, and more recently, graphene.
1,2 Flexible carbon fibers (FCFs) have a structure similar to graphite, in which there are sp 2 -hybridized carbon atoms in 2D layers of a stacked graphene-like material. The subtle difference between graphite and FCFs is in their micro and nanostructural organization, in which the carbon layers are turbostratically stacked within the FCFs, as shown in Figure 1 . 3 Both types of sheets of carbon atoms are arranged in a regular hexagonal pattern. The difference is the way these carbon sheets interlock. In turbostratic FCFs, the sheets of carbon atoms are haphazardly folded, leading to a crumpled-like structure. It is, therefore, possible to produce graphene oxides from FCF by modified Hummers' method and hence create defects in the FCF surface. 4 FCFs have served as a platform for fabrication of enzyme electrodes. 5, 6 Modification of the surface of FCFs can improve the bio-electrochemical performance of such bioelectrodes. 7 The enzyme electrode is a miniature chemical transducer that combining an electrochemical procedure with immobilized enzyme activity; for instance, there is glucose oxidase immobilized on a gel to measure the concentration of glucose in biological system. 8 In particular, since 2013 when FCF array was used to intravenous implantable glucose/dioxygen biofuel 9 , we have successfully applied FCF arrays as flexible electrodes for high-performance glucose dehydrogenase bioanodes, 7 glucose biochip based for in vivo diabetes evaluation in rats 10 and enzyme biofuel cells. 11, 12 The combination of carbon-based electrodes and enzymes is used to investigate enzymatic reactions, kinetics and thermodynamics. 12 As NAD-dependent enzymes on electrode are concerned, the applicability of FCF is still a challenge. The electrooxidation of β-nicotinamide adenine dinucleotide (NADH) is necessary to regenerate NAD-dependent enzymes. However, at bare carbon-based electrodes, the electrochemical oxidation of NADH is irreversible and requires a high overpotential, e.g., 1.1 V (vs. saturated calomel electrode-SCE) at pH 7.0. 13, 14 The efficient reversible recycling of NADH is of particular interest in the construction of dehydrogenase biosensors, biofuel cell bioanodes and fine chemicals industry. 11, 12, 15 Furthermore, the electrochemical oxidation of NADH at low overpotentials is an actual and exciting scientific problem, since more than 300 dehydrogenases are known whose activities are dependent on NADH or NADPH as cofactors. 16 Quinones-modified electrodes or soluble quinone-based redox mediator have been reported to oxidize NADH, including pyrroloquinoline quinone (PQQ), 17, 18 9,10-phenanthraquinone 19 and naphthoquinone redox polymer (NQ-LPEI). 20 Newly, NAD-dependent glucose dehydrogenase (GDH) bioelectrodes were utilized as glucose bioanodes with laccase O 2 -reducing biocathodes in a glucose/O 2 biofuel cell. 20 Here, we report important advances to obtain active FCF arrays for the build up of NAD-dependent dehydrogenase enzyme electrodes. The experimental setup is based on the wet oxidation treatment of FCF by using permanganate ions; the methodology is fast, reproducible and with onepot reaction approach. The oxidized and exfoliated carbon structures on FCF electrode shows excellent conditions to immobilize alcohol dehydrogenase (ADH). Our interest in this type of enzyme consist that NAD-dependent ADH catalyzes the reversible interconversion of alcohols to aldehydes or ketones and can be utilized as anodic biocatalysts in biofuel cells. Also, biofuel cells with high electromotive forces could be constructed using these enzymes, since the formal potential (E°) of the NAD/NADH is -315 mV vs. standard hydrogen electrode (NHE) (pH 7.0, 25 °C). Based on X-ray photoelectron spectroscopy (XPS) we have strong evidences that after chemical treatment, the fibers shows defects composed by oxygenated species. We propose that FCF-oxidized array (FCFO) electrodes modified with ADH (FCFO-ADH) is very promising for NADH oxidation, consequently for application in ethanol bioelectrooxidation. Furthermore, we emphasize here that a deeply discussion regarding the "quinone-like" behavior of the fiber surface shall be addressed in details.
Experimental

Materials
Alcohol dehydrogenase from Saccharomyces cerevisiae and absolute ethanol were purchased from Sigma-Aldrich and used without further purification. FCF electrodes were extracted from a flexible carbon cloth (CCS200), as described in literature. 4 NaH 2 PO 4 /Na 2 HPO 4 salts utilized for the preparation of 0.1 mol L -1 buffer solution, sulfuric acid and potassium permanganate were purchased from Synth. Nicotinamide adenine dinucleotide free acid was purchased from Merck.
Chemical surface treatment of carbon fibers
Chemical surface treatment was carried out by immersion of 0.5 g of FCF in a 120 mL of 1.0 mol L -1 H 2 SO 4 and 24.5 mol L -1 KMnO 4 (aq). This mixture was kept in an ultrasound bath for 3 hours. The FCF was then washed with HCl (37%) once in order to remove residual MnO 2 , and then cleaned with ultrapure water to remove excess acid. The treated FCF (FCFO) was dried under vacuum. The morphologies of the fibers obtained from chemical surface treatment were evaluated by field-emission scanning electron microscopy (FEG-SEM, FEI Magellan 400L).
The formation of oxygenated carbon functional groups was confirmed by XPS (UNI-SPECS UHV System). The experiments were carried out at a pressure of less than 10 -7 Pa. The Mg Kα line (hν = 1253.6 eV) was used as the X-ray source and the analyzer pass was set to 10 eV. The spectra were fitted using multiple Voigt profiles. The inelastic background of the C 1s and O 1s electron corelevels were subtracted by Shirley's method. The binding energy scale of the spectra was corrected using the C 1s hydrocarbon component of the fixed value of 285.0 eV. The width at half maximum (FWHM) varied between 1.2 and 2.1 eV and the accuracy of the peak positions was ± 0.1 eV.
Enzyme immobilization: FCFO-ADH electrodes
Before adsorption of the enzyme, the FCFs were treated according to the process outlined above. The FCFO-ADH bioelectrodes were prepared via physical adsorption 12, 21 of the enzyme. The complete protocols for enzyme immobilization has been described and highlighted by our group recently. 11, 12 The electrodes areas (ca. 0.3 cm 2 ) were delimited with epoxy resin. In summary, FCFO was placed in an ADH solution (8 mg mL -1 in sodium phosphate buffer, pH 7.5) for 24 hours at 4 ºC. Then, 20 μL of Nafion TM (2.5%) was dropped onto the FCFO containing the adsorbed ADH, and the bioelectrode was vacuum dried.
Bioelectrocatalysis of ethanol
All electrochemical experiments were performed in a conventional three-electrode cell, using a FCFO or modified electrodes (FCF-ADH and FCFO-ADH) as working electrode, an Ag/AgCl/Cl − (sat) (silver, silver chloride in saturated KCl) reference electrode and a platinum wire (0.5 cm 2 ) as counter electrode. For this, an Autolab PGSTAT128N Potentiostat-Galvanostat was employed. The bioelectrocatalysis experiments were carried out using cyclic voltammetry in the presence of an ethanol substrate. Cyclic voltammetry and chronoamperometry were employed and several concentrations of ethanol were also evaluated. Sodium phosphate buffer (0.1 mol L -1 , pH 7.5) was used as the electrolyte in the presence of 0.6 mmol L -1 NAD + . The electrolyte was purged with nitrogen for at least 10 minutes prior to the measurements. Electrochemical measurements were also carried out to obtain the bioelectrooxidation of ethanol at different temperatures (from 10 to 60 ºC) and pH (from 6.0 to 9.0). The temperature of the electrolyte was varied by using a high precision thermostatic bath (GE-MultiTemp IV Thermostatic Circulator).
Results and Discussion
Surface morphology and composition of pristine FCF and FCFO As the reaction of carbon atoms from pristine FCF with permanganate ions in solution is concerned, it is expected that the chemical oxidation of carbon surface generates significant changes, especially, in the surface atoms (composition and structure) and the morphology of the oxidized carbon. Both of these effects are present in the oxidized fibers, as discussed below.
SEM image of fibers arrays electrode is shown in Figure 2a , and FEG-SEM of pristine and treated FCF single fibers are shown in Figures 2b and 2c , respectively. Compared to the pristine one, FCFO is rougher, the stretches are wider and deeper, and some defects were generated after treatment. Figure 2d shows an amplified region of the FCF that presents a smooth and homogenous surface, while Figure 2e shows details of the defects formed on the surface that exhibit grooves with an average separation distance of 15 nm. The defects generated are related to the oxidative process, where the basal planes on the surface are cracked allowing separation of the 2D-graphite layers in the exposed edge planes. The oxidation of carbon fibers was confirmed by XPS.
Figures 3a and 3b show the deconvoluted C 1s region of the XPS spectra of FCF and FCFO, respectively. An increase in the number of oxygenated functional groups for FCFO compared with FCF can be seen, which is related to new spectral feature arising near 289.1 eV (peak V) in Figure 3b . This peak confirms that the oxidation process occurred successfully, revealing the presence of carboxylic and ester groups (O−C=O). The two samples maintain their graphitic features, presenting a higher peak at 284.7 eV (peak I) that is related to sp 2 carbon atoms. The peak at 285.5 eV is related to sp 3 hybridization of carbon. The other oxygenated functional groups are at peaks 286.7 and 287.9 eV that correspond to C-O and C=O groups, respectively. We also observe peak at 290.4 eV related to the plasmon π-π*. The deconvoluted O 1s region of the XPS spectra of FCF and FCFO are presented in Figures 3c and 3d , respectively. This data corroborate the spectra in the C 1s region, showing an increase in oxidation. This increase in oxidation can be observed by the decrease in the intensity of the peak at 532.5 eV that corresponds to the C-O groups after treatment. The carbon atoms in C-O have a lower oxidation number when compared with C=O and O−C=O that are at peaks 531.5 and 533.7 eV in the O 1s spectra. The increase of these peaks shows that FCF was oxidized. The peak at 535.3 eV is related to adsorbed water at the FCF surface. This peak is more prominent for FCF, which shows that FCFO has higher hydrophilicity than FCF.
Carbon-oxygen bonds cause partial change of carbon atoms hybridization from sp 2 to sp 3 . The methodology proposed here based on permanganate ions is a modification of Hummers' method to produce graphene oxide in suspension. Hummers' method consists in the oxidation of graphite, introducing molecules of oxygen to the pure carbon graphene, and the oxidation reaction occurs between the graphene and the concentrated sulfuric acid with the potassium permanganate and sodium nitrate acting as catalysts. 22 However, here it was not used sodium nitrate. In addition, our methodology does not promote complete exfoliation of FCF. Our goal is just oxidize partially the surface. For this, chemical surface treatment is carried out by immersion of FCF in a H 2 SO 4 /KMnO 4 solution and the FCF is kept in an ultrasound bath for 3 hours. Regarding contamination, there is no residual MnO 2 on FCF surface, at least not detectable by XPS. The permanganate ion oxidizes the fibers, and according to the XPS results, they mainly promote the increase of the carbonyl group, with a decrease in hydroxyl groups. So far, it is too early to affirm that there is formation of a "specific quinone", especially those most active for oxidation of NADH (i.e., ortho-quinone). Also, permanganate ion could react with carbon-carbon double bonds to give a metal-oxide complex. 23 Although permanganate ion has been extensively used and studied as an oxidant, there is considerable controversy concerning the oxidation state of the manganese species observed during the oxidation of carbon-carbon double bond. 23, 24 In another way, treatments for the purification and cutting of carbon nanotubes with potassium permanganate in either acidic or alkaline conditions allow a controllable degree of oxidation, where the quinone groups formed are intermediates towards oxidation to carboxylic acids in a further step. 24, 25 There are several models of graphite oxide structures as presented in literature. 26 Even though we will not use some of those models, the following results (mainly the voltammetry profile) show that the electrooxidation of NADH on FCFO strongly suggests that quinones-like structures may be involved in the electron mediation process.
FCFO play important role on NADH oxidation
Before showing the results related to NADH oxidation on FCFO, it is important to understand the context of our finds. For the bioelectrocatalysis with ADH, NADH is oxidized with the conversion of ethanol in acetaldehyde. In this case, NAD + is the coenzyme and it is converted to NADH, which is electrooxidized. The NAD + reaction and ethanol oxidation is represented by the simplified reaction shown in equation 1.
Our goal is to achieve bioelectrooxidation of ethanol, using ADH immobilized by simple physical adsorption on a FCFO electrode, and show that the bioelectrocatalysis is enhanced by FCFO electrode. Also, it is not our intentions (or avoid that) to use other co-immobilizers or redox mediators in solution. The methodology proposed here is robust, easy to handle, and it does not require the use of other complementary materials, such as carbon nanotubes, graphene, nanoparticles, etc. Thus, the FCFO-ADH is the first in this category, in which only the surface oxidation method and enzyme immobilization are required.
XPS survey revealed that the oxidation can promotes the increase of C=O groups on the FCF. As we shall discuss, the electrochemistry of NADH oxidation on FCFO is quite similar to NADH oxidation on quinones-modified electrodes. It appears consensus that the modification of the electrode surfaces with quinones can improve the NADH electrooxidation, 27, 28 thus enhancing the bioelectrocatalysis based on NAD-dependent enzymes. For FCF, it is observed 0.600 V for the onset potential, while this parameter corresponds to 0.090 V for FCFO. The current related to oxidation of NADH is 8 times higher for FCFO when compared with FCF (i.e., at 0.600 V), as observed in Figure 4c . It is clear that the presence of oxides on FCFO surface affects drastically the NADH oxidation. It is important to note that the voltammogram profile and shape is very similar for the oxidation of NADH in presence of quinones-modified surfaces. 29 Different mechanisms have been proposed for NADH oxidation in the presence of redox mediator, and as bioelectrocatalysis is concerned, redox mediators have been coupled with NAD-dependent enzymes. Several authors have exposed different scenarios involving the mediated electron transfer, but it seems to be a consensus that the chemical nature of these can lead to different paths. 15 For instance, the common classifications can be related to an intermolecular complex between NADH and mediator (dyes), 30 ,31 a net hydride transfer (quinones) 28, 32, 33 and two one-electron steps with a proton transfer to the solvent (polyoxometallates).
34,35
Cyclic voltammetry and bioelectrocatalysis of ethanol Now, we show the bioelectrochemistry of ADH immobilized on FCFO electrode. It is important highlight that ADH is a redox enzyme that catalyzes the oxidation of primary and secondary alcohols to aldehydes and ketones, respectively. 36 For instance, this enzymatic reaction can be utilized for determination of ethanol in alcoholic beverages and food, and has applications in forensic science and toxicology. 37, 38 ADH is found in many microorganisms, such as in yeast and the liver of animals. ADH has a high specificity for ethanol and is very stable when isolated from the yeast, Saccharomyces cerevisiae, which was first purified and crystallized by Negelein and Wulff 39 in 1937. The molecular weight of ADH is 150 kDa. It has a tetrameric structure with one NAD + (nicotinamide adenine dinucleotide) as coenzyme and Zn 2+ atom as cofactor in each subunit of the enzyme. 40 Each of these components is important for the mechanism of enzymatic catalysis. The features described above make ADH a good enzyme for use in bioanodes of biofuel cells.
36,38 Figure 5 shows the electrochemistry of FCF-ADH (Figures 5a and 5b) and FCFO-ADH (Figures 5c and 5d) . It has not escaped our notice that the equation 1 refers to global reaction of ethanol oxidation catalyzed by ADH. However, approaches more sophisticated related to the kinetic mechanism of ADH have been described in several studies. [41] [42] [43] [44] [45] [46] [47] As reactions pathways are concerned, enzyme follows the steady-state random mechanism on the alcohol side, and a steady-state ordered mechanism on the aldehyde side of the catalytic cycle. For the ethanol oxidation, ADH typically operates by a random bi-bi mechanism with a preferred order of addition of reactants on the alcohol side of the reaction, and with the dissociation of coenzyme in the reaction. The steps involved in this mechanism are illustrated in Figure 6 . The alcohol-NAD + reactions indicate that some dissociations of coenzyme by active ternary complex enzyme-NAD + -alcohol should occur. Thus, coenzyme probably first binds to the enzyme (ADH-NAD + ), with subsequent substrate binding (ADH-ethanol), thereby forming a ternary complex (ADH-NAD + -ethanol). In the structure of ADH, the adenosine binding site is easily available to the solution, while the substrate binding site situated next to the zinc atom and inside the enzyme structure is quite narrow and almost inaccessible to the solution. After an intramolecular reaction, with the formation of acetaldehyde molecules and NADH species, the ADH-acetaldehyde-NADH complex is formed. The . Mechanism for ADH enzyme. This is an illustrated rereading of the mechanism proposed pioneering by Dickenson and Dickinson, 42 where the authors carried out the kinetics of ethanol oxidation by NAD + , and acetaldehyde and butyraldehyde reduction by NADH. If NADH dissociation from ADH-NADH complex is the limiting step (k 7 ), it can infers that the oxidation of NADH released from this reaction can be used to calculate kinetics parameters from electrochemical steady-state data.
rate-limiting step of ethanol oxidation at neutral pH, is not the chemical reactions (k 9 ), but the dissociation of NADH from the ADH-NADH complex (k 7 ). Likewise, NAD + coenzyme is released much faster from the ADH-NAD + complex (k 2 ) than NADH dissociates from the ADH-NADH complex (ADH-NADH ⇌ ADH + NADH). 45, 47 Eys et al. 48 report that the regeneration of enzyme-NADH complex is accompanied by a direct competition between NADH and NAD + to the active site of enzyme. In terms of kinetic analysis, the NAD + coenzyme is treated as a co-substrate. The binding energies for the step between NAD + and the free enzyme (ADH + NAD + ADH-NAD + ) can be calculated from the equilibrium constant k 1 /k 2 . In the case of NADH dissociation, the binding energies for NADH can be calculated from the equilibrium constant k 8 /k 7 ( Figure 6 ). Finally, the ratios of rate constants k 1 /k 2 and k 8 /k 7 may be identified with the equilibrium association constant for the binding of NAD + or NADH to the free enzyme, respectively. 49 Therefore, once that the step of NADH dissociation from ADH-NADH complex is the limiting step, the oxidation of NADH released from this reaction could be used to calculate kinetic parameters. To confirm the better performance of FCFO-ADH, Figures 5b and 5d shows current-time transient at 0.700 V during 1200 s with FCF-ADH (Figure 5b ) and FCFO-ADH (Figure 5d ), both in the presence of several concentrations of ethanol. The applied potential was chosen because it is the value at which the current reaches a quasi-steady state for the oxidation of ethanol. As observed in Figure 5 , the increase in the current when the ethanol concentration increases is higher for FCFO-ADH. Each ethanol addition (blue arrow) corresponds to 200 μL of ethanol 50% (v/v). The apparent Michaelis-Menten constant (K M app ), which gives an indication of the enzyme-substrate kinetics, can be obtained using equation 2, the electrochemical version of the Lineweaver-Burk equation. 50 ,51 (2) where I SS is the steady-state current after the addition of substrate, I max is the maximum current measured under saturated substrate conditions, and c is the bulk concentration of substrate. K M app was found to be 0.26 mmol L -1 for FCFO-ADH and 28.9 mmol L -1 for FCF-ADH. In a first approximation, this result suggests that for FCFO-ADH the enzyme is highly active. If we consider the general concept of Michaelis-Menten kinetics, ADH have varying tendencies to bind their ethanol substrate (affinities), thus the ADH's K M describes the substrate concentration at which half of the active sites of the enzyme are occupied by ethanol. Examples of other values reported in the literature are 0.91 mmol L -1 for a glassy carbon electrode modified with toluidine blue diazonium salt, 51 0.38 mmol L -1 for multiwalled carbon nanotubechitosan-alcohol dehydrogenase nano-biocomposite, 52 and 4.95 mmol L -1 for colloidal gold-carbon nanotubecomposite electrode. 53 Note that all of these systems used some kind of the material at electrode/enzyme interface, either nanotubes, redox mediators, or something else. These facts reinforce the importance of our results obtained with FCFO-ADH.
Effect of pH and temperature on the bioelectroactivity
With high stability and bioelectroactivity, FCFO-ADH is a very promising candidate for use in cyclic voltammetry experiments and it can be used to determine thermodynamics and kinetics properties of ADH, for instance optimum temperature and optimum pH. Our goals from here are to show the application capability of FCFO electrode for this purpose.
The temperature dependence of ethanol oxidation was investigated, as shown in Figures 7a, 7c and 7e. The temperature stability of ADH on FCFO was determined by observing the remaining oxidative activity for ethanol after a 10 min incubation period at temperatures between 10 and 60 ºC. The oxidation current for ethanol using the FCFO-ADH electrode increases the catalytic current density from 10 to 40 ºC. The current density is 4-times higher at 40 ºC (0.58 ± 0.03 mA cm -2 ) than it is at 10 ºC (Figure 7c ). At a very first analysis, this increase in the catalytic current density can be caused by the enhanced activity of the enzyme and the increased ethanol reaction rate at higher temperatures. Above 40 ºC, however, the catalytic current density decreases in a quasi-linear profile. At 60 ºC, the current density is 7-times lower (0.079 ± 0.004 mA cm -2 ) than it is at 40 ºC. In addition, it was analyzed the variation of the onset potential with the temperature (Figure 7e ), once for bioanodes is interesting the lower onset potential as possible, and the lowest onset potential was obtained at 45 ºC. These results are in agreement with data reported in the literature for homogeneous catalysis using ADH. 54, 55 However, as bioelectrocatalysis is concerned, it is the first time that the optimum temperature at 40 ºC is obtained for ADH in a non-mediated electrode reaction.
The pH dependence for ethanol oxidation was investigated, as shown in Figures 7b, 7d and 7f , once the protonation of protein structure plays important role for the optimum conditions for bioelectrocatalysis. The measurements were carried out varying the pH of the electrolyte from 6.0 to 9.0, as shown in Figure 7b , which cyclic voltammograms were recorded at 50 mV s -1 . In the case of ADH, it is sensitive to pH variation because the H + on the enzyme environment affects binding between enzyme and its substrate, catalytic activity of the enzyme, and mainly the protein structure. 56 Furthermore, this dependence with the pH may have a contribution of the NADH oxidation on FCFO, once we have observed that the electrochemical process is pH dependent (not shown). The catalysis of ethanol oxidation by ADH occurs with the reduction of NAD + and ADH transfers one proton and two electrons 57 from ethanol to NAD + , utilizing Zn 2+ and NAD + coenzymes. As illustrated in Figure 8 , Zn 2+ is maintained by three amino acids (two cysteine and one histidine), which stabilizes enzyme structure allowing proton transference in this reaction.
If we observe the voltammograms in extreme values carefully, we will begin to notice differences that are more evident. Thus, the effects of pH and temperature highlighting the extreme values (pH 6.0 and 9.0 and temperatures 10 and 40 ºC) have been considered, as shown in Figure 9 . Figure 9a shows the cyclic voltammograms of FCFO-ADH in presence of 0.6 mmol L -1 NAD + (grey line) and 0.25 mol L -1 ethanol at pH 6.0 (red line) and pH 9.0 (purple line), while Figure 9b evidence the region of the onset potential. We observed a subtle difference in the onset potential when the pH was altered (∆E onset = 0.100 ± 0.007 V), while the current densities increase a lot in the same range. On the other side, for temperature dependence (Figures 9c and 9d) , a decrease in the onset potential is observed when the temperature increases (∆E onset = 0.180 ± 0.006 V); this is accompanied by a corresponding decrease in the current density.
Thus, we show that it is possible to evaluate both the effect of temperature and the pH on the electrochemistry of ADH. We do not show here any modeling or molecular interpretation of these effects, because our intention is to evaluate the properties of FCFO front ADH immobilization. However, the results herein open new possibilities to use protein film voltammetry for future studies of enzyme kinetics to elucidate mechanism of catalysis or inhibition, for instance. In this case, steady-state polarization could be applied successfully. Our research group has conducted some experiments of this nature (not shown) and encouraging results are being observed. Thus, here there is a proof of concept that the FCFO-ADH electrode can be used for fundamental studies of enzyme kinetics.
Conclusions
We investigated the application of wet chemical treatment to prepare oxidized flexible carbon fibers, named here as FCFO. From XPS data, it was found clear evidence that the permanganate ions used in the treatment method promoted an increase in carbonyl group on fiber surface. Probably, the presence of C=O species is responsible to enhance the electrooxidation of NADH. We believe that the presence of quinones cannot be ruled out, although additional experiments design for this purpose should be carried out. When FCFO-ADH was applied as a bioelectrode, ethanol could be oxidized at 0.250 V (vs. Ag/AgCl/Cl − (sat) ). FCFO-ADH showed high stability and bioelectroactivity, which enabled this bioelectrode to be used in cyclic voltammetry experiments. Therefore, the bioelectrooxidation of ethanol by ADH in the presence of NAD + and in different conditions of pH and temperature accredits it as a prospective bioelectrode to develop enzyme biofuel cells. 
